Endocannabinoid-mediated long-term depression of inhibitory synaptic transmission (I-LTD) in the ventral tegmental area (VTA) is implicated in cocaine-induced inhibitory synaptic plasticity and behavioral effects. It remains poorly understood, however, how this I-LTD is regulated and whether this regulation affects cocaine-seeking behavior. I-LTD requires cyclic adenosine 3 0 , 5 0 -monophosphate (cAMP)-dependent protein kinase A (PKA) signaling, raising the possibility that modulators of cAMP/PKA signaling may regulate I-LTD and the reinforcement behavior. Phosphodiesterase (PDE) 4 hydrolyses cAMP and terminates cAMP/PKA signaling. Here, we report that selective PDE4 inhibitors rolipram and Ro 20-1724 blocked I-LTD and acute depression of inhibitory postsynaptic currents (IPSCs) induced by D 2 dopamine receptor and cannabinoid CB 1 receptor agonists in VTA dopamine neurons. We also show that intra-VTA microinjections of PDE4 inhibitor rolipram impaired the acquisition, but not the expression, of conditioned place preference (CPP) to cocaine. Systemic administration of rolipram also increased cAMP response element-binding protein (CREB) phosphorylation and activation in the VTA. Together, our results suggest that blockade of cocaine-induced inhibitory synaptic plasticity (I-LTD) and enhancement of CREB activation are two putative cellular mechanisms by which PDE4 inhibition impairs the acquisition of cocaine CPP.
INTRODUCTION
Cocaine is a monoaminergic transporter inhibitor that blocks the reuptake of dopamine, serotonin, and norepinephrine, leading to extracellular accumulation of these transmitters (Elliott and Beveridge, 2005) . Enhanced dopamine transmission in the mesocorticolimbic dopamine pathway is a common property for many drugs of abuse, including cocaine. The mesocorticolimbic system consists of dopamine projections from the ventral tegmental area (VTA) of the midbrain to the nucleus accumbens (NAc), prefrontal cortex and other limbic forebrain regions (Swanson, 1982) . Dopamine activates D 1 -like and D 2 -like receptors. D 1 receptors are G s -coupled receptors that stimulate adenylate cyclase (AC), leading to increased cyclic adenosine 3 0 , 5 0 -monophosphate (cAMP) accumulation and protein kinase A (PKA) activity, whereas D 2 receptors are coupled to G i/o protein, causing the opposite effects (Anderson and Pierce, 2005; Neve et al, 2004) . Repeated cocaine exposure induces cAMP-related neuroadaptations in the mesocorticolimbic system (Anderson and Pierce, 2005; Lu et al, 2003; Nestler, 2001) . These adaptive changes have a critical role in the development of addictive behavior (Self et al, 1998) .
The hydrolysis of cAMP and cyclic guanosine monophosphate (cGMP) by phosphodiesterases (PDEs) provides an important mechanism for regulating cAMP and cGMP levels (Conti et al, 2003) . Multiple PDE subtypes are expressed in the brain, among them, type 4 PDE (PDE4) specifically terminates cAMP-dependent signaling (Lugnier, 2006; Zhang, 2009) . PDE4 isoforms are widely distributed in the brain, including the hippocampus and the mesolimbic dopamine system (Cherry and Davis, 1999; Miro et al, 2002) . Pharmacological blockade or genetic knockout of PDE4 enhances long-term potentiation (Barad et al, 1998; Chen et al, 2010; Navakkode et al, 2004; Rutten et al, 2008; Vecsey et al, 2009) , improves performance in learning and memory (Barad et al, 1998; Li et al, 2011; Vecsey et al, 2009; Zhang et al, 2000 Zhang et al, , 2004 , and produces antidepressant effects (Li et al, 2009; Zhang, 2009) . Most relevant to this study are the findings that systemic administration of selective PDE4 inhibitors attenuates cocaine-induced locomotor sensitization (Janes et al, 2009) , conditioned place preference (CPP) (Thompson et al, 2004) , and selfadministration (Knapp et al, 1999) . Although increased cAMP was postulated to be responsible, the cellular and synaptic mechanisms and specific brain regions involved in these behavioral effects remain obscure.
We have shown that a pathophysiologically relevant concentration of cocaine enables repeated synaptic stimulation to induce long-term depression (LTD) of inhibitory postsynaptic currents (IPSCs) in VTA dopamine neurons of midbrain slices (Pan et al, 2008a) . This LTD of IPSCs (I-LTD) may underlie the reduction of GABA A receptormediated inhibition induced by repeated cocaine exposure (Liu et al, 2005) and the acquisition of cocaine CPP (Pan et al, 2011) . The combined activation of D 2 dopamine receptors and type I cannabinoid receptors (CB 1 ) and the resultant inhibition of cAMP/PKA signaling are required for the I-LTD induction (Chiu et al, 2010; Pan et al, 2008b) . As PDE4 inhibitors enhance cAMP/PKA signaling by inhibiting cAMP breakdown (Lugnier, 2006) , we hypothesized that PDE4 inhibitors disrupt I-LTD induction in VTA dopamine neurons, which may explain their effects on cocaine-seeking behavior. We tested this hypothesis by examining effects of PDE4 inhibitors on I-LTD and D 2 and CB 1 receptor agonistinduced depression of IPSCs in midbrain slices. We also examined whether intra-VTA microinjections of PDE4 inhibitors affected the acquisition and expression of cocaine CPP. Our results suggest that impairment of cocaineinduced inhibitory synaptic plasticity (ie, I-LTD) may constitute a mechanism for the effects of PDE4 inhibitors on cocaine-seeking behavior.
The increase in cAMP/PKA activity triggers the phosphorylation and activation of the cAMP-responsive element-binding protein (CREB) (Silva et al, 1998) . Cocaine administration induces CREB phosphorylation (pCREB) in the NAc and VTA (Marin et al, 2009; Olson et al, 2005; Walters et al, 2003) . CREB overexpression in the NAc attenuates cocaine-induced locomotor sensitization (Sakai et al, 2002) and CPP (Carlezon et al, 1998; Pliakas et al, 2001) . CREB activation may provide a negative feedback mechanism to attenuate drug-seeking behavior. We therefore examined whether cocaine CPP and PDE4 inhibition altered pCREB expression in the VTA. Collectively, alterations of cocaine-induced inhibitory synaptic plasticity (I-LTD) and pCREB expression may provide putative cellular mechanisms by which PDE4 inhibition attenuates cocaineseeking behavior.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats (Charles River, Wilmington, MA) were used for brain slice electrophysiology (P18-30), immunohistochemistry, and behavior experiments (300-350 g). All experimental procedures were approved by the Institution's Animal Care and Use Committee of the Medical College of Wisconsin.
Chemicals
Cocaine hydrochloride, CNQX-Na 2 , AP-5, and all other common chemicals were purchased from Sigma-Aldrich (St Louis, MO). Forskolin, rolipram, Ro 20-1724, and WIN55,212-2 were from Tocris Bioscience (Ellisville, MO). For electrophysiology, forskolin, rolipram, Ro 20-1724, and WIN55,212-2 were dissolved in dimethylsulfoxide (DMSO) as a concentrated stock (final concentration of DMSOp0.05%).
Control slices were treated in the same concentration of DMSO for similar exposure time. Cocaine was dissolved in saline (0.9% NaCl). For i.p. and intra-VTA injections, rolipram was first dissolved in DMSO, and then diluted in saline solution to get final concentration of DMSO to 12.5%. The same concentration diluted DMSO was used as vehicle controls. All drugs were prepared as concentrated stock solutions and stored at À20 or À80 1C before use.
Slice Preparation
Midbrain slices (250 mm) from male Sprague-Dawley rats (P18-30) were prepared as described previously (Pan et al, 2008a) . Slices were prepared at 4-6 1C in a solution containing (in mM): 110 choline chloride, 2.5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 7 MgSO 4 , 26 NaHCO 3 , 25 glucose, 11.6 sodium ascorbate, and 3.1 sodium pyruvate. Slices were incubated in oxygenated (95% O 2 /5% CO 2 ) artificial cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 3 KCl, 2.5 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 glucose and were allowed to recover for X1 h.
Electrophysiology
Whole-cell recordings were made under infrared-differential interference contrast microscopy (Pan et al, 2008a) . IPSCs were recorded from midbrain VTA dopamine neurons. Dopamine neurons were identified by the presence of large I h currents, rhythmic firing at low frequency and prominent after hyperpolarization (Johnson and North, 1992; Jones and Kauer, 1999; Liu et al, 2005) . Glass pipettes (3-5 MO) were filled with an internal solution containing (in mM): K-gluconate 100, KCl 50, HEPES 10, EGTA 0.2, MgCl 2 2, Mg-ATP 4, Na 2 GTP 0.3, and Na 2 -phosphocreatine 10 at pH 7.2 (with KOH). Series resistance (15-25 MO) was monitored throughout the recordings and data were discarded if the resistance changed by 420%. All recordings were performed at 32 ± 1 1C by using an automatic temperature controller (Warner Instrument, Hamden, CT).
Animal Surgery, Intra-VTA Microinjection, and Histology
Male Sprague-Dawley rats (300-350 g) were anesthetized with ketamine (90 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.) and placed in a stereotaxic device (David Kopf Instruments, Tujunga, CA). Guide cannulae (22 gauge, Plastics One) were bilaterally implanted 2.8 mm above the VTA at a 101 angle using the following stereotaxic coordinates (from bregma, anteroposterior, À5.6 mm; mediolateral, ± 2.4 mm; dorsoventral, À7.8 mm) (Paxinos and Watson, 1986) . Rats were allowed to recover for B1 week. Vehicle (1 ml per side) or rolipram (0.5 mg, 1 ml per side) was bilaterally microinjected into the VTA via injector cannulae (33-gauge, Plastics One) that were placed inside the guide cannulae. The injector cannulae were connected through C313C connectors to 2 mlHamilton micro-syringes. The injection rate was 1 ml over 2 min, and the injectors were kept in place for an additional 2 min to ensure adequate drug diffusion from the injector tip. The microinjection was made during cocaine or saline conditioning ( Figure 5 ) or before CPP test (Figure 6 ). Histological verification of VTA cannula placements was PDE4 inhibitors impair I-LTD and cocaine CPP P Zhong et al performed using Cresyl Violet staining (Pan et al, 2011) . Seven rats were excluded from behavioral analysis because cannula tips were outside of the VTA based on the stereotaxic atlas (Paxinos and Watson, 1986) .
Conditioned Place Preference
CPP experiments were performed using a three-chamber CPP apparatus (Med Associates, St Albans, Vermont) (Pan et al, 2011) . CPP protocol consisted of the following sessions: (1) pre-test (day 1): animals were allowed to explore both chambers for 20 min and time spent in each side was recorded. Rats showing unconditioned side preference (X180 s disparity) were excluded (n ¼ 6). (2) Conditioning (day 2-9): cocaine conditioning. Rats received cocaine injection (15 mg/kg, i.p.) on days 2, 4, 6, 8 and were immediately confined to one chamber for 20 min. On days 3, 5, 7, and 9, rats received saline injection (0.9% NaCl, 1 ml/kg, i.p.) and were immediately confined to the opposite chamber for 20 min. Saline conditioning. Rats received daily saline injection (0.9% NaCl, 1 ml/kg, i.p.) and were immediately confined to one chamber for 20 min on days 3, 5, 7, 9 and were confined to the opposite chamber for 20 min on days 2, 4, 6, and 8. 
pCREB Immunohistochemistry
Rats (300-350 g) received cocaine and saline conditioning and CPP test as described above except that no surgery was performed on these rats. In this way, VTA sections remained intact and undisrupted from intra-VTA microinjections, which facilitated accurate counting of pCREB-positive cells. Vehicle (12.5% DMSO in 0.9% NaCl) or rolipram (1 mg/kg) was i.p. injected 20 min before each saline or cocaine conditioning. One hour after the CPP test, rats were anesthetized with sodium pentobarbital anesthesia (60 mg/ kg, i.p.) and then perfused through the aorta with 0.1 M sodium phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in 4% sucrose-PBS (pH 7.4). Brains were post-fixed, sectioned, and stained as we have described (Pan et al, 2011) .
DAB staining. Sections were incubated with pCREB antibody (1 : 250, Cell Signaling Technology, Beverly, MA) at 4 1C for 48 h. VTA sections were incubated with goat antirabbit IgG-HRP (1 : 100, Bio-Rad, Hercules, CA) for 2 h at room temperature. Immunoreactivity was visualized with 0.05% DAB-0.004% H 2 O 2 in 0.1 M ammonium phosphate buffer (APB) for 10 min, and the reaction was stopped with APB for 5 min and then rinsed in PBS, dehydrated, and cover-slipped. Sections were imaged with a Nikon Eclipse 55i microscopy and analyzed by NIS Elements AR3.0 software (Nikon, Melville, NY). pCREBpositive neurons in the VTA were counted from the left or right side of the brain in two sections from each animal at approximately 5.2 and 5.4 mm posterior to bregma. The coordinates were determined by comparing the brain structures in the immunohistological sections with those in rat stereotaxic atlas (Paxinos and Watson, 1986) . The number of pCREB-positive cells was normalized to the VTA area, which was determined with the aid of the same stereotaxic atlas.
Dual immunofluorescence staining. VTA sections were incubated with antibodies against pCREB (1 : 100) and tyrosine hydroxylase (TH, 1 : 300, Santa Cruz Biotechnology) at 4 1C for 48 h. After washing with PBS, VTA sections were incubated in the secondary antibodies: anti-rabbit IgG Alexa Fluor 488 conjugate and anti-mouse IgG Alexa Fluor 555 conjugate (1 : 500, Cell Signaling) for 4 h at room temperature in the dark. The sections were analyzed by using a Nikon Eclipse TE-2000U confocal microscope.
Statistics
Data are presented as the mean±SEM. I-LTD (%) was calculated as follows: 100 Â (mean amplitude of IPSCs during the final 10 min of recording/mean amplitude of baseline IPSCs). The acute depression of evoked IPSCs (%) was calculated as follows: 100 Â (mean amplitude of IPSCs at last 5 min of drug application/mean amplitude of baseline IPSCs). IPSCs, evoked at 10-to 20-s intervals, were first averaged for every minute. The CPP score was calculated by the time spent in the cocaine-paired chamber minus the time spent in the saline-paired chamber. Data sets were compared with either Student's t-test (electrophysiology), one-way or two-way ANOVA followed by Tukey post hoc analysis (immunohistochemistry and behavior). Results were considered to be significant at po0.05.
RESULTS
PDE4 Inhibition Blocks I-LTD Induction in VTA Dopamine Neurons
We have shown that decreased cAMP/PKA activity is required for I-LTD induction in the VTA (Pan et al, 2008b) . PDE4 inhibition enhances cAMP activity by blocking its breakdown (Lugnier, 2006; Zhang, 2009 ). We examined whether selective PDE4 inhibitors rolipram and Ro 20-1724 affected I-LTD induction. Whole-cell voltage-clamp recordings (holding potential À70 mV) were made from VTA dopamine neurons in midbrain slices prepared from 18-to 30-day-old rats. IPSCs were evoked by stimulating inhibitory synaptic afferents at 0.1 Hz. Glutamate receptor antagonists CNQX (20 mM) and AP-5 (50 mM) were present in the ACSF throughout the experiments to block excitatory synaptic transmission. Consistent with our previous studies (Pan et al, 2008a, b) , we found that repeated synaptic stimulation (10 Hz, 5 min) in the presence of a low concentration of cocaine (3 mM) induced I-LTD (63.4 ± 8.2% of baseline, n ¼ 6; Figure 1a ). This I-LTD was blocked by the continuous presence of selective PDE4 inhibitor rolipram (1 mM) (92.7 ± 6.9% of baseline, n ¼ 8, po0.05 vs control) or Ro 20-1724 (200 mM) (91.7±7.5% of baseline, n ¼ 8, po0.05 vs control; Figure 1a ). All statistics in this section were performed using Student's t-test. Similarly, I-LTD was induced by the combination of 10 Hz stimulation with D 2 receptor agonist quinpirole (1 mM) (69.2 ± 6.6% of baseline, n ¼ 7; Figure 1b 
PDE4 Inhibition Potentiates IPSCs via Enhancement of cAMP/PKA Signaling
To determine whether PDE4 inhibitors block I-LTD via inhibition of cAMP degradation, we examined the effects of bath application of rolipram and Ro 20-1724 on basal IPSCs. We found that bath application of either rolipram (1 mM) or Ro 20-1724 (200 mM) caused a small but significant increase in the amplitude of IPSCs (rolipram, 115.0±6.8% of baseline, n ¼ 9, Student's t-test, po0.05; Figure 2a ; Ro 20-1724, 117.7 ± 7.7% of baseline, n ¼ 7, po0.05; Figure 2b ). Figure 2b ). Bath application of AC activator forskolin (10 mM) with vehicle produced a modest increase in the amplitude of IPSCs (127.7 ± 8.3% of baseline, n ¼ 6, Student's t-test, po0.05; Figure 2c ), whereas co-application of forskolin (10 mM) with either rolipram or Ro 20-1724 produced significantly greater potentiation of IPSCs (forskolin and rolipram, 183.0 ± 8.5% of baseline, n ¼ 7, po0.001 vs forskolin or rolipram alone; Figure 2c ; forskolin and Ro 20-1724, 184.9±9.3% of baseline, n ¼ 8, po0.001 vs forskolin or Ro 20-1724 alone; Figure 2d ). Together, these results suggest that the PDE4 inhibitors enhance IPSCs by increasing cAMP/PKA activity.
PDE4 Inhibition Impairs D 2 and CB 1 Agonist-Induced Depression of IPSCs
We further investigated the mechanism for PDE4 inhibition-induced blockade of I-LTD. As activation of D 2 and CB 1 receptors is required for I-LTD induction (Pan et al, 2008b) , we examined whether PDE4 inhibitors blocked downstream signaling activity induced by D 2 and CB 1 receptors. Bath application of CB 1 receptor agonist WIN55,212-2 (2 mM) produced a gradual depression of IPSCs (66.7 ± 6.8% of baseline, n ¼ 7, po0.01), and this depression was blocked by the continuous presence of PDE4 inhibitor rolipram (1 mM) in the ACSF (88.4 ± 6.3% of baseline, n ¼ 7, po0.05 vs control; Figure 3a) . Similarly, bath application of D 2 receptor agonist quinpirole (10 mM) induced depression of IPSCs (72.3 ± 6.7% of baseline, n ¼ 7, po0.01), which was also blocked by rolipram in the ACSF (95.2±7.1% of baseline, n ¼ 7, po0.05 vs control; Figure 3b ). In contrast, bath application of WIN55,212-2 (2 mM) induced significant depression of IPSCs when rolipram (1 mM) was loaded into the recorded postsynaptic neurons via the patch pipette, and the magnitude of the depression was not significantly different from that in the absence of postsynaptic rolipram (control, 66.7 ± 6.8% of baseline, n ¼ 7; postsynaptic rolipram, 60.7±5.9% of baseline, n ¼ 6, p40.05; Figure 3a ). Postsynaptic loading of rolipram (1 mM) also did not affect the acute depression of IPSCs induced by D 2 agonist quinpirole (10 mM) (control, 72.3 ± 6.7% of baseline, n ¼ 7; postsynaptic rolipram, 66.7 ± 7.7% of baseline, n ¼ 7, p40.05; Figure 3b ). Taken together, these results indicate that rolipram blocks CB 1 -and D 2 -mediated acute depression of IPSCs by acting at presynaptic sites.
Finally, we examined the effects of another PDE4 inhibitor Ro 20-1724 on WIN55212-2-and quinpiroleinduced depression of IPSCs. In the continuous presence of Ro 20-1724 (200 mM) in the ACSF, the acute depression of IPSCs induced by bath application of WIN55212-2 (2 ml) or quinpirole (10 mM) was blocked (WIN55212-2, 91.6 ± 5.8% of baseline, n ¼ 8, po0.05 vs control; Figure 3c ; quinpirole, 96.5±6.3% of baseline, n ¼ 6, po0.05 vs control; Figure 3d ). 
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We have shown previously that enhancement of cAMP with forskolin prevented WIN55,212-2 or quinpirole from depressing IPSCs in VTA dopamine neurons (Pan et al, 2008b) . Similar mechanisms may explain why the PDE4 inhibitors block WIN55,212-2-or quinpirole-induced depression of IPSCs.
Effects of Intra-VTA Microinjections of the PDE4 Inhibitors on the Acquisition of Cocaine CPP
Having demonstrated that the PDE4 inhibitors block I-LTD, we next determined whether intra-VTA microinjections of PDE4 inhibitor rolipram affected the behavioral effects of cocaine. Rats were implanted with cannulae that allowed bilateral intra-VTA microinjections of drugs. After recovery, the rats underwent training and testing of CPP. The timeline for baseline preference test (pre-test), cocaine or saline conditioning, intra-VTA microinjections and CPP test is described in Figure 4a . During pre-test, rats did not exhibit significant differences in the time spent in each chamber (p40.05), indicating that there was no unconditioned place preference (Figure 4b ). Then, cocaine or saline place conditioning was conducted once daily for 8 days (see Materials and Methods section). Vehicle (12.5% DMSO in 0.9% NaCl, 1 ml per side) or rolipram (0.5 mg, 1 ml per side) was bilaterally microinjected into the VTA via the preimplanted cannulae 20 min before each cocaine-pairing with a particular chamber (Figure 4a ). Twenty-four hours after the last pairing, CPP was tested without any drug or vehicle administration (Figure 4a) . A two-way ANOVA revealed that cocaine conditioning and intra-VTA rolipram microinjections had significant main effects on CPP scores (cocaine: F (1, 28) ¼ 27.20, po0.001; intra-VTA microinjection: F (1, 28) ¼ 5.20, po0.05; cocaine by intra-VTA microinjection interaction: F (1, 28) ¼ 7.78, po0.01; Figure 4c ). Tukey post hoc tests show that intra-VTA microinjections of rolipram produced a significant decrease in the CPP score in cocaine-conditioned rats (po0.01) but did not affect the CPP score in saline-conditioned rats (p40.05). Thus, intra-VTA microinjections of rolipram attenuate cocaine CPP without inducing CPP or conditioned place aversion in saline-conditioned rats. We examined whether PDE4 inhibition in the VTA affects the expression of CPP to cocaine. Rolipram was bilaterally microinjected into the VTA 20 min before the CPP test, but not during the conditioning phase. The timeline for these experiments is described in Figure 5a . Pre-test indicates that rats did not show unconditioned place preference (Figure 5b ). Rats received only cocaine conditioning, and no intra-VTA microinjections were made during place conditioning. Twenty minutes before the CPP test, vehicle (1 ml per side) or rolipram (0.5 mg, 1 ml per side) was bilaterally infused into the VTA. Rolipram did not significantly affect CPP to cocaine (p40.05, Student's ttest), suggesting that the PDE4 inhibitor blocks the acquisition, but not the expression, of CPP to cocaine. PDE4 inhibitors impair I-LTD and cocaine CPP P Zhong et al Figure 5c shows the locations of the cannula tips from the experiments in Figures 4 and 5b. These sites are representative of those used for intra-VTA microinjections. A total of 54 rats were used for intra-VTA microinjections and CPP tests, 7 rats with cannula tips outside of the VTA were excluded from analysis.
Effects of I.P. Injections of the PDE4 Inhibitor Rolipram on the Acquisition of Cocaine CPP and pCREB
Rolipram-induced cAMP increase can trigger the phosphorylation and activation of CREB (Li et al, 2011) . CREB overexpression reduces cocaine reward (Carlezon et al, 1998; Pliakas et al, 2001 ). We therefore examined whether i.p. injections of PDE4 inhibitor rolipram affect cocaine CPP and pCREB expression in the VTA. Rats underwent cocaine or saline conditioning as described in Figure 4 except that they did not receive any surgery or intra-VTA microinjections. Rats did not show unconditioned place preference in pre-test (p40.05, data not shown). Rolipram (1 mg/kg) or vehicle was i.p. injected 20 min before each cocaine-or saline-pairing with a particular chamber on all conditioning days. Consistent with previous studies (Thompson et al, 2004) , we found that cocaine (15 mg/kg) conditioning induced CPP to cocaine: (F (1, 20) ¼ 11.13, po0.01) Figure 6a ).
One hour following the CPP test, rats were killed and immunohistochemistry was performed to detect pCREB in the VTA, using antibodies against pCREB. We found that cocaine or rolipram produced significant increases in the number of pCREB-positive cells in the VTA (cocaine: Figure 6b ). Tukey's post hoc test shows that rolipram significantly increased pCREB-positive cells in saline-(po0.001) or cocaine-conditioned rats (po0.05). To determine whether pCREB is expressed in dopamine neurons, we performed dual immunostaining for pCREB and TH in VTA sections from rolipram plus cocaine-treated rats. Most of dopamine neurons (86±5%, n ¼ 3 rats) were co-stained with pCREB. pCREB was expressed in both TH + dopamine neurons and TH À non-dopamine neurons (mainly GABAergic neurons) (Figure 7 ).
DISCUSSION
In this study, we demonstrate that PDE4 inhibitors rolipram and Ro 20-1724 blocked I-LTD and enhanced CREB activation in the VTA. We also show that intra-VTA microinjections of PDE4 inhibitors impaired the acquisition, but not the expression, of cocaine CPP. Given that both inhibitory synaptic plasticity (I-LTD) (Pan et al, 2011) and CREB (Carlezon et al, 1998; Pliakas et al, 2001 ) are implicated in cocaine reward, our results have identified novel mechanisms for PDE4 inhibition-induced impairment of the acquisition of CPP to cocaine.
We have shown that repeated cocaine treatments (15 mg/ kg, i.p.) in vivo for 5-7 days reduce the strength of GABAergic inhibition onto VTA dopamine neurons (Liu et al, 2005) . Further experiments suggest that I-LTD may constitute a cellular mechanism for cocaine-induced reduction of GABAergic inhibition. First, I-LTD could be induced under conditions that mimic in vivo cocaine exposure (Pan et al, 2008a) . The presence of 3 mM cocaine enables repeated synaptic stimulation to induce I-LTD. Microdialysis studies indicate that the peak cocaine concentration in the mesolimbic dopamine system is approximately 2-5 mM following i.p. injection of cocaine (15 mg/kg) in the rat (Maisonneuve and Kreek, 1994) . Second, we showed that in vivo administration of antagonists to D 2 receptors and CB 1 receptors, which are required for I-LTD, also prevented cocaine-induced reduction of GABAergic inhibition (Pan et al, 2008a) . Third, we found that repeated cocaine exposure in vivo occluded the subsequent induction of I-LTD ex vivo (Pan et al, 2008a) . The above experiments suggest that I-LTD and cocaine-induced reduction of GABAergic inhibition share common mechanisms and may be causally related. However, it remains poorly understood how this I-LTD is regulated and whether this regulation is behaviorally relevant. 
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We have shown that the decrease in presynaptic cAMP/ PKA activity is required for I-LTD induction in the VTA (Pan et al, 2008b) , raising the possibility that modulation of the cAMP/PKA signaling pathway may affect I-LTD and cocaine-seeking behavior. cAMP is mainly hydrolyzed and degraded by PDE4 (Conti et al, 2003) . We show here that PDE4 inhibitors rolipram and Ro 20-1724 blocked I-LTD in VTA dopamine neurons. The observed effects on I-LTD are most likely mediated by the inhibition of cAMP breakdown. Rolipram and Ro 20-1724 enhanced the amplitude of IPSCs, and this enhancement was blocked by PKA inhibitor H-89. These PDE4 inhibitors greatly potentiated forskolin-induced enhancement of IPSCs. Forskolin is known to activate AC to increase intracellular cAMP levels (Awad et al, 1983) . The potentiation of forskolin-induced response by the PDE4 inhibitors can be attributable to their inhibition of cAMP breakdown.
Our previous studies indicate that activation of presynaptic D 2 and CB 1 receptors leads to decreases in presynaptic cAMP/PKA activity, resulting in l-LTD induction (Pan et al, 2008a, b) . We show here that bath application of rolipram and Ro 20-1724 blocked the acute depression of IPSCs induced by CB 1 agonist WIN55212-2 and D 2 agonist quinpirole, whereas postsynaptic loading of rolipram did not significantly affect WIN55212-2-and quinpirole-induced depression of IPSCs. These results suggest the PDE4 inhibitors act on presynaptic sites to block the CB 1 and D 2 receptor-mediated depression of IPSCs. During I-LTD induction, activation of presynaptic D 2 and CB 1 receptors results in decreases in presynaptic cAMP/ PKA activity (Pan et al, 2008b) , whereas PDE4 inhibitors rolipram and Ro 20-1724 increased cAMP/PKA activity and curtailed the downstream effects of D 2 and CB 1 receptor activation. This may explain why these inhibitors blocked I-LTD induction.
We demonstrated that intra-VTA microinjection of the PDE4 inhibitor rolipram blocked the acquisition of cocaine CPP. Possible mechanisms for the observed behavioral effects include the following. First, given that I-LTD is critically implicated in the acquisition of cocaine CPP (Pan et al, 2011) , we suspect that the blockade of I-LTD may constitute a mechanism by which the PDE4 inhibition impaired cocaine CPP. Second, D 2 and CB 1 receptors have an important role in cocaine and morphine reward (Chaperon et al, 1998; Maldonado et al, 1997) . We found that the acute depression of IPSCs induced by either the D 2 receptor quinpirole or CB 1 receptor agonist WIN55212-2 was blocked by rolipram and Ro 20-1724. Consistent with our findings, previous studies have shown that rolipram produces greater inhibition of hyperlocomotion induced by methamphetamine and morphine than by a D 1 receptor agonist, suggesting that PDE4 may regulate cAMP signaling at D 2 receptors (Mori et al, 2000) . Third, we found that rolipram administration increased the number of pCREB-positive neurons in the VTA. Repeated cocaine administration increased pCREB and activation in the mesolimbic dopamine pathways (Olson et al, 2005; Walters et al, 2003) . Downregulation of CREB function by viral overexpression of a dominant-negative CREB mutant in the NAc enhances cocaine CPP (Carlezon et al, 1998) , whereas CREB overexpression in the NAc attenuates cocaineinduced locomotor sensitization (Sakai et al, 2002) and CPP (Carlezon et al, 1998; Pliakas et al, 2001) . These findings suggest that CREB activation mediates tolerance to the reinforcing effects of cocaine. Given that pCREB provides negative modulation of behavioral responses to cocaine, we suspect that the increase in CREB activation may provide another mechanism by which rolipram attenuates cocaineinduced CPP. However, it should be noted that CREB has a complex influence on behavioral responses to cocaine. CREBdeficient mice exhibit enhanced CPP and locomotor sensitization in response to repeated cocaine exposure (Walters and Blendy, 2001 ). Overexpression of CREB in the NAc increases cocaine self-administration (Larson et al, 2011) . Nevertheless, CREB is an important downstream target of rolipram and may be critically involved in rolipram-induced attenuation of cocaine CPP.
Systemic administration of rolipram blocked cocaineinduced locomotor sensitization (Janes et al, 2009) , selfadministration (Knapp et al, 1999) and CPP (Thompson et al, 2004) but did not affect CPP to food (Thompson et al, 2004) . Rolipram also blocked methamphetamine-induced Figure 4 Intra-VTA microinjections of the PDE4 inhibitor rolipram during the conditioning phase attenuated the acquisition of CPP to cocaine. (a) Timeline of drug treatment and behavioral paradigm. Groups of rats received saline and cocaine place conditioning once daily for 8 days. Vehicle (1 ml) or rolipram (0.5 mg, 1 ml) was bilaterally infused into the VTA 20 min before each saline-or cocaine-pairing. (b) Pre-test indicates that rats did not exhibit significant baseline bias in place preference in all groups (n ¼ 7-9; p40.05). (c) Intra-VTA infusions of rolipram significantly attenuated CPP in cocaine-conditioned rats but did not affect CPP scores in saline-conditioned rats (n ¼ 7-9; **po0.01, ***po0.001). Error bars indicate SEM.
PDE4 inhibitors impair I-LTD and cocaine CPP P Zhong et al locomotor sensitization and stereotyped behavior (Iyo et al, 1995 (Iyo et al, , 1996 , and morphine-induced CPP (Thompson et al, 2004 ). We also demonstrated that i.p. injections rolipram blocked the acquisition of cocaine CPP. These results indicate that PDE4 inhibition reduces behavioral effects of a variety of addictive drugs but does not affect natural PDE4 inhibitors impair I-LTD and cocaine CPP P Zhong et al rewards. Rolipram enhances the acquisition, consolidation, and retrieval of certain forms of memories (Barad et al, 1998; Li et al, 2011; Vecsey et al, 2009; Zhang et al, 2000 Zhang et al, , 2004 . It seems unlikely that rolipram reduces drug-seeking behavior by impairing drug-cue associative learning. Pharmacological and genetic manipulations of cAMP/PKA signaling pathway significantly altered cocaine-seeking behavior. Enhancing cAMP signaling with cAMP analogs or stimulators altered cocaine-induced locomotor sensitization and self-administration (Lynch and Taylor, 2005; Self et al, 1998; Tolliver et al, 1996) . Mice lacking cAMPgenerating enzymes adenylyl cyclase types 1 and 8 fail to display locomotor sensitization after chronic cocaine treatment (DiRocco et al, 2009 ). PDE4 inhibition-induced activation of cAMP/PKA interferes with dopamine receptor signaling, which could lead to the inhibition of the subjective rewarding sensations of the addictive drugs (Thompson et al, 2004) . At molecular and cellular levels, the PDE4 inhibitors block I-LTD and increase pCREB expression. Together, these mechanisms might explain why PDE4 inhibitors attenuate cocaine-seeking behavior. This study has identified VTA as a target brain region that mediates, at least in part, the behavioral effects of systemic administration of PDE4 inhibitors. However, other brain regions such as the NAc may also be an important target of PDE4 inhibitors. Indeed, PDE4B, an isoform of PDE4, is highly expressed in the NAc (Cherry and Davis, 1999) , whereas rolipram inhibits all four PDE4 isoforms (Ke, 2004) . Brain regions such as the NAc may be recruited subsequently to maintain CPP to cocaine (Miller and Marshall, 2005; Valjent et al, 2005) , which may explain why intra-VTA microinjection of rolipram did not affect the expression of cocaine CPP when applied just before the CPP test.
Although the behavioral studies and immunohistochemistry were carried out in adult rats, whole-cell recordings were made in slices prepared from juvenile rats because of the technical difficulty in making long-term recordings from a long number of neurons in adult midbrain slices. The functional significance of our data should be interpreted with caution because of the age difference of the animals.
In summary, we have identified potential mechanisms and brain region that may be involved in the effects of PDE4 inhibitors on cocaine CPP. PDE4 inhibitors have reached the clinical trial stage for the treatment of chronic obstructive pulmonary disease and other diseases (Diamant and Spina, 2011) . Given the consistent effects in reducing drug-seeking behaviors (Iyo et al, 1995 (Iyo et al, , 1996 Janes et al, 2009; Knapp et al, 1999; Thompson et al, 2004) , PDE4 inhibitors are a promising candidate for therapeutic intervention of drug addiction. Understanding the underlying mechanisms for their action will be an important step toward this goal.
TH pCREB Merge
Figure 7 Dual immunofluorescence staining for pCREB (green) and tyrosine hydroxylase (TH, red) in VTA sections from rolipram plus cocaine-treated rats (n ¼ 3 rats). Scale bar: 50 mm.
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